Exosomes carry microRNA biomarkers, occur in higher abundance in cancerous patients than in healthy ones, and because they are present in most biofluids, including blood and urine, these can be obtained noninvasively. Standard laboratory techniques to isolate exosomes are expensive, time consuming, provide poor purity, and recover on the order of 25% of the available exosomes. We present a new microfluidic technique to simultaneously isolate exosomes and preconcentrate them by electrophoresis using a high transverse local electric field generated by ion-depleting ion-selective membrane. We use pressure-driven flow to deliver an exosome sample to a microfluidic chip such that the transverse electric field forces them out of the cross flow and into an agarose gel which filters out unwanted cellular debris while the ion-selective membrane concentrates the exosomes through an enrichment effect. We efficiently isolated exosomes from 1× PBS buffer, cell culture media, and blood serum. Using flow rates from 150 to 200 L/h and field strengths of 100 V/cm, we consistently captured between 60 and 80% of exosomes from buffer, cell culture media, and blood serum as confirmed by both fluorescence spectroscopy and nanoparticle tracking analysis. Our microfluidic chip maintained this recovery rate for more than 20 min with a concentration factor of 15 for 10 min of isolation.
Introduction
In many instances, diagnosis of cancer requires surgical biopsy of a suspected cancerous region. Surgical biopsies are inherently invasive and therefore pose significant risks to patients. This places a limitation on the frequency with which a region can be sampled to check for cancer, and in some cases, the suspected region may even be surgically inaccessible. Additionally, the tissue sampled by a surgical biopsy tends to be a heterogeneous, rather than a homogeneous, representation of the tissue at large, thereby, leading to ambiguous conclusions. In contrast, liquid biopsies are noninvasive and a variety of biological fluids, such as blood [1, 2] , urine [3] , saliva [4] , and breast milk [5, 6] , provide biomarkers indicative of cancer for both diagnostic and prognostic purposes. Biomarkers include cell-free nucleic acids, such as DNA, messenger RNA (mRNA) and microRNA (miRNA) [7] [8] [9] [10] [11] , circulating tumor cells [12] , and extracellular vesicles [13] . In contrast to an exosomal biomarker is miRNA-141, which occurs in prostate cancer patients at expression levels four times higher than that in healthy patients [39] . As another example, Taylor and Gercel-Taylor identified a suite of eight exosomal miRNAs that could potentially act as diagnostic biomarkers for ovarian cancer [31] . Importantly, they concluded that using these biomarkers could potentially differentiate between developing tumors and advanced-stage tumors.
Before analyzing exosomes for useful information, they need to be isolated from their resident media, which is difficult given their small size. The standard method of exosome isolation is ultracentrifugation. The general steps in an ultracentrifugation protocol begin by using submicron filters or low speed centrifugation to remove contaminants such as cell debris, microvesicles, or apoptotic bodies. Subsequently, the exosomes undergo multiple rounds of ultracentrifugation at speeds of 100 000 × g or greater to pellet them. Removing the supernatant and then resuspending them in a relatively small volume of buffer produces a concentrated sample useful for investigative purposes [40] . Such high speeds require not only large initial capital costs but also large maintenance and operating costs. In addition to its high expense, ultracentrifugation is a time consuming and labor-intensive process typically requiring 4-6 h of work by a skilled technician or researcher. It is also necessary to culture high volumes (Ͼ100 mL) in order to collect enough exosomes for subsequent experiments. In the end, it still does not produce very pure samples and results in yields of only 5-23% [41] . The final exosome sample still suffers from contamination by proteins, and the results tend to be highly variable. Adding a gradient density step, which uses a discontinuous gradient containing different concentrations of sucrose or iodixanol (OptiPrep TM ), improves the purity of the final sample by separating exosomes from apoptotic bodies, protein aggregates, and nucleosomal fragments based on different flotation densities. However, it adds significantly to the complexity and time required for the process [41] [42] [43] [44] . For example, Van Deun et al. found that using an iodixanol gradient reduced protein contamination by more than twofold, but they also discovered their exosome yield decreased twofold while ultracentrifugation times increased past 20 h [44] .
An alternative to ultracentrifugation is immunoaffinity capture by magnetic beads and antibody functionalized pillars and packings [31, [45] [46] [47] . Immunoaffinity capture works well to isolate exosomes from other fluid components. However, the technique is limited to exosomes with a known antigen. Moreover, the heterogeneity of exosomes produced by cells limits the efficacy of this approach. Studies have revealed that that there is no commonly agreed upon protein that is abundantly expressed on the surface of exosomes derived from diverse origins [48] . Cells release subpopulations of exosomes with unique compositions that elicit a wide range of effects in cells that take them up [49] . Hence, exosome based-diagnostics that use immunoaffinity capture only succeed in isolating a fraction of the exosomes currently present in a patient. Thus, if it is desirable to capture all exosomes, not simply exosomes with a specific antigen, immunoaffinity capture is inadequate. In addition, although the magnetic beads expedite the subsequent analysis of the exosomes, the isolation process is time consuming and may require more than a day to achieve optimal recovery rates [45] .
Yet another isolation technology is commercial precipitation technology like ExoQuick TM and Total Exosome Isolation TM . They are attractive because of their simplicity as well as their circumvention of the need to use expensive equipment. However, these kits are still time consuming as they require overnight incubation. Furthermore, since the reagents in the kits are proprietary, they exhibit contamination from unknown sources leading to discrepancies in their results [44, 50] .
Recently, the microfluidics community has started to tackle the problem of exosome isolation. Yang et al. categorized microfluidic isolation techniques into immunoaffinity based, size based, and dynamic microfluidics [51] . Zhao et al. simply transferred the magnetic bead concept to a microfluidic device. They were able to isolate exosomes from 20 L of blood plasma in 40 min, and they illustrated that exosomes from ovarian cancer patients existed in higher quantities than in healthy control subjects [52] . Vaidyanathan et al. used a combination of immunoaffinity capture and AC dielectrophoresis for the capture of exosomes down to a limit of detection of 2760 exosomes/L [53] . Chen et al. obtained good purity with their assay as measured by the concentration of RNA per sample volume, but their recovery rates were highly variable ranging from 42-94% [54] . Size-based microfluidic separations typically rely on microposts inside microchannels thus requiring complex fabrication steps. Wang et al. [55] grew nanowires on their microfluidic posts and captured nanoparticles from 40 to 100 nm while filtering out cells, proteins, and other cell debris. Davies et al. used pressure driven flow and a porous polymer monolith to isolate exosomes directly from blood yet experienced significant contamination by proteins [56] . Dynamic exosome isolation methods rely on a variety of techniques such as electrophoresis, field-flow fractionation, and acoustic waves. Davies et al. demonstrated direct isolation of exosomes from blood using porous polymer monoliths, varying from 100-1000 nm in pore size, and electrophoresis with field perpendicular to the flow direction. However, the low electric field strength employed in their study allowed them to recover only 2% of exosomes [56] . Another electrophoretic technique developed by Cho et al. applied a higher electric field across a dialysis membrane to achieve a 65% recovery rate in approximately 30 min [57] . An acoustic nanofilter in which ultrasound standing waves were applied orthogonally across a continuous sample flow resulted in exosome recovery rates of up to 80% [58] . The current microfluidic technology for exosome isolation varies greatly in terms of yield, sample volume, throughput, and operation or fabrication complexity. There is considerable room for improvement. In particular, an isolation device designed to accommodate subsequent analysis such as lysis and detection would be particularly beneficial.
Here we report a new exosome isolation technique that utilizes microfluidic gel electrophoresis and an ion-selective membrane to simultaneously separate and concentrate exosomes from a continuously flowing sample stream. A syringe pump delivers the liquid exosome-containing sample to a channel in a microchip that is arranged perpendicular to the main channel of the chip, which contains agarose gel. The use of electric field to isolate exosomes is reasonable as the electrophoresis of exosomes is independent of its size, as their dimension is much larger than the Debye layer. However, to achieve high throughput isolation out of flowing sample, a large electric field must be used to overcome the large hydrodynamic drag. For a typical Zeta potential of -12 mV and a high throughput linear flow velocity of 0.01 cm/s (or 300 L/h in a typical channel of 2 × 0.5 mm dimension), an electric field of approximately 100 V/cm is required. Such a high field is difficult to introduce into a device with high ionic strength buffers, particularly if it is applied in the longitudinal flow direction, as it will lead to Ohmic heating and bubble generation. This is the main issue in previous attempts on electrophoretic isolation.
As in our earlier work [59] [60] [61] , we use the ion depletion feature of ion-selective membranes to produce a local transverse field that exceeds the required value without introducing excessive Ohmic heating and bubble formation along the entire flow channel. The depletion zone spans across the flowing stream and into the gel to produce a high transverse field with near-DI water ionic strength locally. Any temperature increase due to Ohmic heating by the intense but narrow transverse electric field is rapidly removed by the flowing solution and bubble formation is never observed. As the exosomes pass through the intersection of the two channels, this electric field drives the exosomes into the gel towards a negatively charged cation exchange membrane. As they are macro-co-ions to the membrane, exosomes concentrate at the membrane surface but do not enter the membrane and are hence enriched in a high ionic-strength zone near the surface of the cation-selective membrane [60, 61, 63] . Additionally, the agarose gel possesses pore sizes on the order of 200-300 nm [62, 63] and filters out larger components such as cells. Both the gel and the membrane also help prevent bubble formation and the creation of a pH gradient within the channel by segregating the electrodes from contact with the interior of the microfluidic channel.
We demonstrate the operation of our device at a high transverse electric field strength (ß100 V/cm) and various flow rates, and measure the recovery rate of exosomes and the factor by which they concentrate at the membrane. We corroborate our results using particle tracking measurements and reveal our isolated exosomes are in the range of 60-130 nm. We envision our isolation chip as the first section of a larger integrated device which will in turn lyse exosomes and then detect the exosomal miRNA content. Previous work by our group illustrated surface acoustic waves (SAW) could lyse exosomes, and our DNA probefunctionalized ion-selective membrane could detect miRNA down to 2 pM [64] . Our aim is to comprise a fully integrated device for the detection of exosomal miRNA for early cancer diagnosis.
Materials and methods

Materials
PBS (10×, pH 7.4) and 50× TAE (pH 8.4) buffers were obtained from Boston Bioproducts and 150 mM sodium phosphate buffer (pH 7.2) from Teknova. Agarose gels were prepared at 1 wt% in 1× TAE using agarose powder from Ominpur and stored as liquids inside an oven maintained at 65°C. QuikCast polyurethane casting resins (side A and side B) were obtained from TAP Plastics. Acrifix 1R 0192 UV reactive cement was obtained from Evonik Industries while Loctite 3492 light cure adhesive was obtained from Loctite. Cation-exchange membranes whose fixed negative charge is supplied by organosulfanate groups were provided by Mega a.s (Czech Republic). Carboxyfluorescein succinimidyl ester (CFSE) dye was received from eBioscience.
Exosome collection and labeling
AsPC1 cells were grown in RPMI media with 10% fetal bovine serum under standard conditions. Cell-conditioned media was collected, and exosomes were isolated by two different methods: ultracentrifugation and ExoQuick TM . For both protocols, cells were initially spun down at 1200 rpm for 3 min. The cell debris in the supernatant was spun down at 16 500 × g for 20 min. For the ultracentrifugation protocol, the exosomes were pelleted from 100 mL supernatant by centrifuging at 120 000 × g for 70 min. For ExoQuick TM , the exosomes were collected from 10 mL of the supernatant from the 16 500 × g spin according to the manufacturer's protocol. A portion of the exosomes isolated using ExoQuick TM were labeled with CFSE dye. The exosomes were resuspended in 1× PBS and incubated at 37°C for 1 h with 10 M CFSE.
Chip fabrication
Microfluidic chips were fabricated in the same fashion as in previous work [60, 64] from 300 m polycarbonate sheets in a layer-by-layer fashion. The polycarbonate sheets were sandwiched together and heated in an oven at 170°C to permanently bond them together. The main channel running along the length of the chip was 2 mm width × 30 mm length × 500 m height. A perpendicular cross-channel for delivering exosome samples intersected the main channel at 7.5 mm from the end of the main channel and 7.5 mm from the ionexchange membrane. The cross channel possessed the same width and height as the main channel but was 5 mm long on either side of the main channel. Fluid inlets with reservoirs to hold buffer were set at the ends of the channel. A 6.9 mm diameter hole was placed in the center of the main channel to hold the membrane cast. Using resin, a steady frame was made for the membrane to adjust for the size difference between the membrane and the hole designed into the PC chip, while providing a free surface to paste the resin frame to the 
Isolation of exosomes by gel electrophoresis
Chips were filled with the liquid agarose gel and used after the gel solidified. The gel was removed from the intersection by displacing it with a 1× TAE buffer before it solidified. A gentle buffer injection through the inlet can push the contents of the cross channel toward the outlet and replace the gel with buffer to provide a gel free path for the exosome sample. The membrane and inlet reservoirs were also filled with 1× TAE buffer and replaced every 4 min after the application of the electric potential. Exosomes were loaded into a 1 mL syringe, and a syringe pump delivered them to the chip at the rate of 150 or 200 L/h, which is the optimum estimated from the electrophoretic velocity of the exosome under the applied field. After 30 s of pumping, electrophoresis was started using a Keithley 2400 Sourcemeter as the voltage source and platinum electrodes in the membrane and electrode inlet reservoirs. The field strength for all experiments was 100 V/cm. For experiments where the exosomes were to be analyzed by nanoparticle tracking, gel electrophoresis was typically performed for 10 min. For the particle tracking measurements, a chip with a removable bottom was used. The gel, from the cross channel to the membrane, was removed and placed in 50 L 1× TAE. The effluent and the gel were placed into an oven at 70°C for 15 min. The samples of exosomes collected from the chips were then diluted in 1× TAE between 100 and 5000-fold depending on the original media. They were stored at -20°C prior to measurement by a Malvern NanoSight NS300. For each nanoparticle tracking sample, there were five runs for 60 s each using an injection rate of 30 L/min.
For exosomes isolated from cell media and blood serum, isolation experiments were conducted with five replicates. Human whole blood and human recovered plasma were purchased from Zen-Bio (Research Triangle Park, NC, USA). Fresh whole blood and serum was collected in 10 mL heparincoated Vacutainer tubes and shipped following testing. Upon arrival, the blood and serum were stored at 4°C prior to use.
Exosome recovery rates were analyzed quantitatively using fluorescently labeled exosomes. Two flow rates, 150 and 200 L/h, were analyzed by collecting the effluent at 10 min intervals for a total of 20 min. Fluorescence was measured using a Tecan Infinite M200 Pro.
Results and discussion
Overview of device operation
We adapted and altered the microfluidic device we previously used for the quantification of nucleic acids by nanoparticle aggregation in ref. 59 and 60 to the isolation of exosomes. Zeta potential measurements revealed the zeta potential of the exosomes to be -12 ± 3 mV which is comparable with previous measurements from the literature [65] . However, we emphasize the importance of the buffer pH on zeta potential since previous reports indicate zeta potential of bodily components, such as red blood cells will change under the influence of pH [66] . The negative electrical charge of the exosomes indicates that they can be driven by an electric field as also demonstrated by others [56, 57] .
In our present setup, a syringe pump transports a sample of exosomes in 1× PBS buffer to the microfluidic chip. As the exosomes flow through the intersection of the perpendicular channels, the electric field drives migration of the exosomes into the agarose gel toward the membrane. The gel, which possesses pore sizes of approximately 200-300 nm [62, 63] , prevents large particles, such as cells from entering the gel. The continuous flow from the pump eliminates clogging of the gel by washing away these larger particles. The exosomes migrate towards the membrane, but the negative charges on the membrane prevent them from passing through it. The effect creates a region where the exosomes continuously concentrate, thus trapping them inside the gel. Another feature, which is essential to our device, is the segregation of the electrodes from the microfluidic channel by use of the gel and the membrane. The high potentials used to create the strong electric fields generate a significant amount of bubbles. Both the gel and the membrane prevent these bubbles from entering the microfluidic channel and interfering with the electric field-driven migration of the exosomes. Furthermore, the high potentials create high concentrations of hydrogen and hydroxide ions in the membrane reservoir and in the gel inlet reservoir, respectively. This effect leads to the creation of a powerful pH gradient which could affect the zeta potential of the exosomes and thus their direction of migration. Therefore, it is necessary to exchange the buffer in the reservoirs every few minutes either by replacing the entire solution all at once or by supplying a continuous stream of fresh buffer into the reservoirs. The result of this setup is the isolation and preconcentration of exosomes as illustrated by Fig. 1. 
Confirmation of exosome isolation
In order to confirm we efficiently captured exosomes within the gel, we compared the contents of the gel and the sample effluent with the initial exosome sample using nanoparticle tracking measurements. Using a nominal electric field strength of 100 V/cm, we pumped exosome sample into the chip at a rate of 150 L/h for 10 min. Subsequently, we analyzed the number of exosomes in the sample before isolation, in the gel after isolation, and the effluent by nanoparticle tracking. Fig. 2A -C displays the results. We obtain an approximate concentration of the total number of exosomes using the known solution volume by summing the concentration of particles at each diameter, in increments of 1 nm, from 0 to 150 nm. Although exosomes typically fall below 150 nm, we include the concentration for particles up to this point to account for possible aggregates composed of multiple exosomes. At 150 L/h, based on the measured concentrations and the known volumes of the gel isolation region and the effluent, we achieve a recovery rate of approximately 70%. The recovery rate was estimated by the ratio of (exosomes in gel)/(total amount of exosomes in inlet). It is possible that we may not remove all the exosomes from the gel, so our recovery may be somewhat of an underestimate. Significantly, the concentration measured from the gel is much higher than the concentration measured in the inlet. This clearly demonstrates not only that we capture exosomes within the gel but also that we concentrate them as well. Notably, the size distribution of the sample from the gel displayed in Fig. 2B illustrates most of what we capture is around 150 nm or less, which is the reported size range for exosomes. The size distributions of the original exosome sample in Fig. 2A and the exosomes isolated in the gel in Fig. 2B are relatively similar as well. This is clear confirmation of exosome capture.
Quantitative fluorescence evaluation of exosome isolation
We extended the above experiments of isolating exosomes to using flow rates of 0.15 and 200 L/h and a field strength of 100 V/cm but analyzed the effluent quantitatively using fluorescence. We estimated the concentration of the original exosome sample using nanoparticle tracking to be 71 ± 7 pM. Then we created a calibration curve from 0.015-0.71 pM based on dilutions of the original sample. For the actual isolation experiments conducted with the microfluidic chip, we diluted the original sample of CFSE-dyed exosomes by a factor of ten. We collected the effluent at intervals of 10 and 20 min and determined the exosome concentration by fluorescence with the results reported in Fig. 2D . The fluorescence of the exosomes in the effluent was measured and the recovery rate was determined by the (total amount of exosomes in inlet -amount of exosomes in effluent)/(total amount of exosomes in inlet). The recovery rates range from 60 to 76%, but the large SD at each flow rate and time interval indicates there is also much overlap. Looking at all the values, the average and SD of the recovery rates is 69 ± 7%, consistent with the nanoparticle tracking measurements discussed in Section 3.2.
Importantly, Fig. 2D shows that the recovery rate, within error, is the same at the 10 and 20 min collection times. This indicates the capacity of the gel to collect exosomes is not restricted in at least a 20 min time interval. Although longer times might eventually overcome the capacity of the gel to take in more exosomes, extending the length or width of the gel region would restore its capacity to capture more exosomes. However, it may be advantageous to keep the gel region as small as possible. The reason is that a small gel region maximizes the concentration of the exosomes. Based on our chip dimensions, if we approximate the volume, the exosomes are confined to as 7.5 L (7.5 × 0.5 × 2 mm), then after 20 min of isolation time, the concentration of our exosomes is a factor of 30 higher than the original exosome concentration. Another way to put it is that, at the given field strength and flow rate, the exosomes concentrate by a factor of 15 every 10 min.
The preconcentration of exosomes may prove to be critical for early cancer detection assays, which rely on either the detection of exosomes themselves or on the detection of exosomal RNA. The detection limits of such assays are measured in concentrations and not exosome numbers. For example, Zhao et al. successfully detected exosomes for ovarian cancer down to 7.5 × 10 5 particles/mL, but it was unclear at which stage of cancer their diagnostic chip would be useful [52] . Similarly, Vaidyanathan et al.'s nanoshearing technique could specifically detect exosomes from breast cancer patients down to 2.8 × 10 6 particles/mL, but it was again unclear at which stage of cancer this technology would be viable [53] . If cancer screening requires detection limits lower than these exosome concentrations, preconcentration is required. This concentration effect could also be particularly beneficial for potential downstream analysis of the exosome cargo. To date, there is no consensus as to the number of miRNA, for example, that exosomes may contain, ranging from 0.001 to 10 copies, and thus concentrating the exosomes could improve detection of miRNA that are at very low copy numbers [67] [68] [69] . This will depend on how this device is coupled to downstream lysis and detection technologies, but this preconcentration aspect, in addition to the isolation capacity, also holds promise.
Comparison with ultracentrifugation and ExoQuick
TM
Next, we isolated exosomes directly from cell culture media and then also made a direct comparison to the methods of ultracentrifugation and ExoQuick TM precipitation. Following the same procedure as above using our microfluidic chip, we determined the exosome recovery rate to be 80 ± 11%. Again, our results in Fig. 3 appear similar to those presented above. We avoid significant concentrations of particles with diameters above 300 nm. The size distribution of the exosomes from the cell media culture is similar to the one from 1× PBS. Comparing Fig. 3B-D , the gel clearly recovers the exosome peak at 83 nm. However, it does not seem to recover the peak at 130 nm very well. This could be because the exosomes, 130 nm in diameter, have a lower mobility in the electric field and also because of a sieving effect by the gel. Therefore, the 83 nm exosome concentration enhances in the gel relative to the 130 nm exosomes, and the peak tends to smooth out at larger diameters. We also show a single capture from the nanoparticle tracking analysis before and after isolation in Fig. 3A and C because the averaging performed by the NanoSight tends to smooth out the peaks. In Fig. 3C , we do see a shoulder at 120 nm which illustrates there is still capture of larger exosomes.
For comparison, we isolated one sample of exosomes from cell culture media by ultracentrifugation and another sample by ExoQuick TM . Based on triplicate measurements of these samples using nanoparticle tracking analysis, the recovery rates were 6 and 30% with SDs of 2 and 11%, respectively-far lower than the 80% recovery achieved with our microfluidic chip.
Our new isolation methodology possesses a number of advantages over these traditional laboratory techniques. First, it does not require nearly as much sample volume to carry out the isolation protocol. Ultracentrifugation required more than 100 mL and ExoQuick TM more than 10 mL to produce a useful concentration of exosomes in only 500 L of PBS. Furthermore, ultracentrifugation entails more than an hour of operating time while ExoQuick TM requires overnight incubation. Our microfluidic chip needs less than 100 L for operation and can process 200 L with good recovery rates in 1 h. The recovery rate in our microfluidic chip is more than tenfold higher than that from ultracentrifugation and more than twofold that of ExoQuick TM . Finally, there are substantial differences in costs between these techniques. Not only does ultracentrifugation have high capital costs, but it has high operating costs as well. ExoQuick TM is much less expensive, but it still carries with it the costs associated with the repetitive use of reagents. The microfluidic technique we developed requires no more than a syringe pump and a voltage source in addition to the chip itself, and it runs using common laboratory reagents.
Isolation from biological samples
To prove the utility of our platform to the application of expected clinical and laboratory samples, we tested the capability of our microfluidic device to isolate exosomes from blood serum. We demonstrated the isolation capability by first spiking a blood sample with exosomes isolated using ExoQuick TM and then removing the red blood cells by centrifugation. We performed exosome isolation for 10 min using our microfluidic chip at a flow rate of 150 L/h and an electric field strength of 100 V/cm. As we did previously, we collected the effluent and excised the gel to extract the exosomes. Following dilution, we measured their approximate concentrations using nanoparticle tracking with the size distributions displayed in Fig. 4 . The measured recovery rate was 77 ± 14% within a 95% confidence interval.
In order to obtain a clearer picture of what is happening, it is once again instructive to examine the single capture graphs in Fig. 4A , C, and E, as opposed to the average graphs. The individual captures better illustrate the various peaks within the different size distributions. Figure 4A clearly shows the blood serum contains a Gaussian-shaped distribution of particles from approximately 100-300 nm with a peak maximum at 180 nm. On the other hand, the spiked exosomes, whose size distribution is shown in Fig. 3A , are not readily apparent as the 80 and 120 nm peaks are obscured due to the greater concentration of what are most likely microvesicles. However, in Fig. 4C where we examine the particles captured by the gel, the spiked exosome peaks reappear. Although the 180 nm peak still possesses the highest concentration, the concentrations of the 90 and 120 nm peaks increase substantially relative to the 180 nm one. On average, the ratio of concentration at 180 nm to the concentrations at 90 decreased from approximately 41 to 5.2 after capture within the gel. Furthermore, in Fig. 4E , there is a significant rightward shift in the size distribution as well as a relatively clean cutoff below about 130 nm in the effluent. This is evidence of a strong sieving effect by the gel. In addition, the cutoff below 130 nm in the effluent is important since it demonstrates we are capturing most of the particles in the exosome size range. 
Concluding remarks
We developed a simple microfluidic device to continuously isolate exosomes by trapping them in agarose gel using an ion-selective membrane. We procured intense but narrow transverse electric fields by segregating the electrodes from the microfluidic channel using the gel and the membrane, and we deterred the effect of large pH changes by refreshing the buffer in the electrode reservoirs. We also prevented Ohmic heating and bubble generation by the high sample flow rate through the narrow region with the high transverse electric field. Our system proved capable of isolating greater than 70% of the incoming exosomes at 150 L/h for at least 20 min. We could further improve the throughput of our assay by using higher sample flow rates. Such higher flow rates could be accommodated with multiple parallel channels. Alternatively, although the capture efficiency might go down with one channel, introducing a recycle stream or passing the sample downstream through another channel would be an effective means to capture nearly all the exosomes. Nanoparticle tracking analysis confirmed a sieving effect produced by the gel which significantly enriched the exosome population relative to the microvesicle population. We could further enhance this effect by optimizing the pore size of the gel which can be adjusted by changing the agarose concentration. Decreasing the pore size will lead to a purer exosome sample. In addition, the nanoparticle tracking analyses demonstrated superior recovery of our technique compared to the conventional techniques of ultracentrifugation and ExoQuick TM : 60-80% versus 6 and 30%, respectively.
Not only does our isolation scheme prove useful over the traditional ultracentrifugation and ExoQuick TM precipitation techniques, but it also adds to the suite of microfluidic technologies developed for exosome isolation and recovery. Our device is particularly valuable for a few reasons. First, it not only isolates exosomes, but it concentrates them as well which may prove to be a critical feature for early stage cancer detection. This may be necessary if exosomes themselves act as the biomarkers, but it may also be required if it is the exosomal RNA used for biomarker detection. Our setup combines preconcentration with isolation. Second, our setup can easily integrate with other microfluidic unit operations such as thermal or SAW lysis and miRNA detection by the current-voltage characteristics of ion-selective membranes [64] or the nucleic acid detection scheme we developed previously [59, 60] . The ability to isolate, lyse, and then detect in a single fully integrated device would be a major advancement in the field of point-of-care diagnostics. Third, we avoid clogging of the pores of the membrane because of its ionselective nature. Unlike an uncharged membrane, our negatively charged membrane repel the exosomes which prevents them from blocking the pore entrances at the surface of the membrane, thus utilizing the external ion concentration polarization phenomenon of the cation-selective membrane to enrich the exosome macroions. Finally, we clearly established the applicability of our device to clinical samples by demonstrating the recovery of exosomes from both blood serum and cell media culture.
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